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Abstract
Electromagnetically induced transparency (EIT) has usually been demonstrated by using
three-level atomic systems. In this paper, we theoretically proposed an efficient method to
realize EIT in microwave regime through a coupled system consisting of a flux qubit and a
superconducting LC resonator with relatively high quality factor. In the present composed
system, the working levels are the dressed states of a two-level flux qubit and the resonators with
a probe pump field. There exits a second order coherent transfer between the dressed states. By
comparing the results with those in the conventional atomic system we have revealed the physical
origin of the EIT phenomenon in this composed system. Since the whole system is artificial and
tunable, our scheme may have potential applications in various domains.
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I. INTRODUCTION
The electromagnetically induced transparency (EIT), which manifests spectroscopically
the quantized three-level structures of an atomic medium through its interaction with two
semiclassical fields, was first observed in atomic gases [1]. As a powerful technique that
can be used to eliminate the effect of a medium on a propagating beam of electromagnetic
radiation, EIT has been widely explored in various aspects [2–4]. It is also of great appli-
cation potential in non-linear optics and quantum information [5], for example, using the
EIT-based slow and even store light to realize controllable optical delay lines and optical
buffers [6]. In recent years schemes realizing EIT by using artificial systems have drawn
much attention [7]. Weis et al. [8] demonstrated that there exists optomechanical induced
transparency and they have found some similarities with the conventional EIT in the atomic
systems. In Ref. [9], the authors also proposed an EIT scheme in an asymmetric double
quantum dot system. Compared with that of the atomic systems, EIT based on the artificial
systems is more adjustable and thus has more potential applications.
Recent development of superconducting quantum devices provides another vital artificial
quantum system. Because of more easily designed and fabricated on demand, superconduct-
ing quantum circuits have been used to test many quantum optical phenomena [10, 11]. As
one of the basic types of superconducting qubits, the flux qubit is often treated as a two-level
system and has been theoretically and experimentally investigated in the fields of quantum
information and quantum optics [12]. In this work, we will show the possibilities to obtain
EIT by a flux qubit coupled to a superconducting LC resonator. The coupling between the
qubit and the resonator is of diagonal form (σz-coupling). In this system, coupling to the LC
resonator provides the flux qubit with additional energy levels to realize EIT phenomena.
Our proposal can also work as the efficient optical devices controlling slow light and fast
light in microwave regime as shown in Refs. [13–15] by adjusting pump field, which has
been discussed in detail in those references. Here we will only study the physical basis
of EIT in our proposal, and by employing the effective Hamiltonian methods we find the
second order coherent transfer between the dressed states plays an important role in EIT
of this coupling type (σz-coupling) system for the first time. Comparing our results with
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those of conventional atomic EIT, we point some similarities and differences between them.
In addition, our scheme is more adjustable than that of the atomic systems and may have
potential applications on microwave photonics, nonlinear optics and optical communication
in microwave regime [13]. Moreover, the whole system is based on all superconducting
quantum circuits, so it can be integrated on a chip and has a small size.
The organization of this paper is as follow: We introduce our model in section 2. The
analytical deductions and discussion of EIT are shown in section 3. The conclusion is made
in section 4.
II. MODEL
Our proposal is illustrated in Fig. 1. The quantum device consists of a superconducting
flux qubit [16, 17] and a superconducting LC resonator made of a capacitor C and an
inductor L [18, 19]. As demonstrated in Ref. [20], the Hamiltonian of the gap-tunable
flux qubit composed of a qubit loop and a superconducting quantum interference device
(SQUID) can be expressed as Hq = [
1
2
ǫ(Φz)σ¯z + Ω(Φx)σ¯x] in the basis of persistent current
states {|+〉, |−〉}, where σ¯z = |+〉〈+| − |−〉〈−| and σ¯x = |+〉〈−| + |−〉〈+| are the Pauli
operators in the basis of clockwise |+〉 and anticlockwise |−〉 persistent currents. ǫ and Ω
can be controlled via the external flux Φz and Φx independently.
For the first term of Hq, ǫ(Φz) = 2Ip(Φz−Φ0/2) is the energy bias between the clockwise
|+〉 and anticlockwise |−〉 of persistent current Ip in the qubit loop, Φ0 = ~/2e is the flux
quantum, and Φz is the external flux that can be induced by flux driving through the qubit
loop via a microwave (MW) current line. The flux driving can be separated into a static
part φ and a time-dependent part µ0SI(t)/2πl, where µ0 is the vacuum permeability, l is
the distance between the MW line and the qubit loop, I(t) is the MW current, and S is
the effective coupling area of the qubit loop for the current line [13]. We set φ = Φ0/2 to
minimize the flux noise. As a result, the first term of Hq includes a driven term and can be
expressed as Hd = µI(t)σ¯z, where µ =
µ0SIp
pil
is the effective ”electric dipole moment” of the
qubit [13].
For the second term of of Hq, Ω(Φx) is the qubit gap and depends on flux driving Φx of
the SQUID loop. Here we consider the SQUID loop is coupled with a superconducting LC
micrometer resonator [21] that can be described by a simple harmonic oscillator Hamiltonian
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FIG. 1: Schematic of the composed system between flux qubit and superconducting LC resonator.
The microwave currents with ωpu and ωpr are applied through the qubit loop.
HR = ~ω(b
†b + 1/2), where b†(b) is the creation (annihilation) operator for the resonator.
The resonance frequency of the resonator is given by ω = 1/
√
LC, and the value of the
frequency is in the range of hundreds of MHz to several GHz with a quality factor Q ∼103-
106 [12]. The LC resonator interacts with the SQUID loop of the flux qubit via the mutual
inductance. With a static part ~υ/2 we can express the qubit gap as Ω(Φx) = ~υ/2 +
~
∂Ω(Φx)
∂Φx
|Ω(Φx)=~υ/2(M
√
ω/2~L)(b† + b) [18, 21], where ∂Ω(Φx)
∂Φx
|Ω(Φx)=~υ/2 is the sensitivity of
the SQUID loop to the flux [22], and M is the mutual inductance between the SQUID loop
and the resonator, and
√
~ω/2L is the amplitude of the vacuum fluctuation of the current
in the LC oscillator. Supposing g = ∂Ω(Φx)
∂Φx
|Ω(Φx)=~υ/2(M
√
ω/2~L), we rewrite Hq as
Hq = µI(t)σ¯z +
1
2
~υσ¯x + ~g(b
† + b)σ¯x. (1)
In the new basis of the eigenstates of the qubit {|e〉 = {(|+〉 + |−〉)/√2, |g〉 = (|+〉 −
|−〉)/√2}, the Hamiltonian of the system can be expressed as
Hsys = Hq +HR =
1
2
~υσz + ~ωb
†b+ ~g(b† + b)σz + µI(t)(σ
+ + σ−), (2)
where σz = |e〉〈e| − |g〉〈g|, σ+ = |e〉〈g|, σ− = |g〉〈e|,[σz, σ±]=±2σ±,[σ+, σ−]=σz. We consider
two driving currents: pump and probe currents with amplitude εpu and εpr at frequency
ωpu and ωpr respectively; that is, I(t) = −2[cos(ωput)εpu + cos(ωprt)εpr] (εpu ≫ εpr). By
applying a frame rotating at frequency ωpu and adopting the rotating wave approximation,
the Hamiltonian of the system reduces to (we set ~ = 1)
Hsys =
1
2
∆σz + ωb
†b+ g(b† + b)σz − Ωpu(σ+ + σ−)− Ωpr(σ+e−iδt + σ−e−iδt), (3)
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where ∆ = υ − ωpu is the pump-exciton detuning, Ωpu = µεpu~ (Ωpr = µεpr~ ) is the Rabi
frequency of pump current (probe current), and δ = ωpr − ωpu is the signal-pump detuning.
III. NUMERICAL RESULTS AND THEORETICAL ANALYSIS
In this section we will employ the semiclassical approach to explore the EIT phenomenon
in our proposal. Taking the semiclassical approach, we can derive the equations of motion
for σz , σ−, and X = b
† + b by applying the Heisenberg equations and introducing the
corresponding damping terms. The equations of motion for each operator read as follows
[21]:
dσz
dt
= −(σz + 1)Γd + 2iΩpu(σ+ − σ−) + 2iΩpr(σ+e−iδt − σ−eiδt), (4)
dσ−
dt
= [−Γf − i(∆ + 2gX)]σ− − iΩpuσz − iΩprσze−iδt, (5)
d2X
dt
+ γ
dX
dt
+ ω2X = −2ωgσz. (6)
In the above equations, Γd and Γf are the energy decay rate and dephasing rate for
the flux qubit respectively, and γ = ω/Q is the decay rate for the LC resonator coupling
to a reservoir of ”background” modes and other intrinsic processes. We have taken the
semiclassical approach that ignores the correlation between the qubit and the resonator,
i.e. 〈Xσz〉 = 〈X〉〈σz〉. In order solve the equations above we make the ansatz X = X¯0 +
〈X〉+e−iδt+ 〈X〉−eiδt, σ− = σ¯0−+ 〈σ−〉+e−iδt+ 〈σ−〉−eiδt, and σz = σ¯0z + 〈σz〉+e−iδt+ 〈σz〉−eiδt.
Since the pump current is of much stronger than the probe (signal) current, we work to all
orders in εpu but to the lowest order in εpr, then we can obtain 〈σ−〉+, which corresponds
to the dimensionless effective linear susceptibility as follows [13, 15]: χ1s(ωpr) =
µ〈σ−〉+
εpr
=
µ2
~Γf
χ1(ωpr), and χ
1(ωpr) is given by
χ1(ωpr) = iΓf
(Ωpu + 2gσ¯
0
−C){ 2Ωpuσ¯
0
zA
−1+2i(σ¯0
−
)∗
Γd−iδ−2iΩpu[iΩpu(B−1−A−1)+2igC(B−1(σ¯
0
−
)∗−A−1σ¯0
−
)]
}+ σ¯0z
A
, (7)
where A = iδ−Γf−i∆−2igX¯0, B = Γf−iδ−i∆−2igX¯0, C = −2ωgω2−δ2−iγδ , and the population
inversion σ¯0z is the solution of the equation below:
Γdσ¯
0
z [(∆− 4g2σ¯0z/δ)2 + Γ2f ] + 4ΓfΩ2puσ¯0z + Γd[(∆− 4g2σ¯0z/δ)2 + Γ2f ] = 0, (8)
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where X¯0 and σ¯
0
− can be obtained via the relations X¯0 =
−2gσ¯0z
ω
and σ¯0− =
−Ωpuσ¯0z
(∆+2gX¯0)−iΓf
.
For illustration of the numerical results, we choose some reasonable parameters. The
resonant frequency of the superconducting LC resonator is ω = 1GHz [19] with quality factor
Q = 104 (corresponding γ = 0.1MHz) [12], and the coupling strength can be g = 80MHz
[21]. The decoherent rates of the qubit Γd = 60MHz and Γf = 30MHz [23]. We suppose the
driving field strength Ωpu = 50MHz with pump-exciton detuning ∆ = ω = 1GHz. In Fig. 2
we plot the real and image part of χ1(ωpr), respectively.
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FIG. 2: The absorption Imχ1(ωpr) and dispersion Reχ
1(ωpr) of the probe current as a function of
the signal-pump detuning δ under the condition ∆ = ω = 1GHz.
Fig. 2 illustrates the behavior of the absorption Imχ1(ωpr) and dispersion Reχ
1(ωpr) of
the probe current as a function of signal-pump detuning δ = ωpr−ωpu. We find that at δ = ω
the absorption Imχ1(ωpr) is near zero with a steep positive slope of dispersion Reχ
1(ωpr)
(corresponding to the slow light effects [13]), which mean EIT happens around this regime.
In the following, we will obtain a more simple form of χ1(ωpr) and discuss how EIT
happens in this artificial system. With no consideration of the weak signal current, the
Hamiltonian of the system in Eq. (3) is then
H
′
sys =
1
2
∆σz + ωb
†b+ g(b† + b)σz − Ωpu(σ+ + σ−). (9)
Performing a unitary transformation U(t) = exp(iH0t) with H0 =
1
2
∆σz + ωb
†b to H
′
sys,
and under the condition ∆ = ω we will obtain the effective Hamiltonian of the system as
below [24]:
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Heff =
Ω2pu
∆
σz +
2gΩpu
∆
(b†σ− + bσ+), (10)
where the first term of Heff is the energy shift induced by the driving current. As shown
in Fig. 4, the second term describes a coherent transfer between states |g, n+ 1〉 and |e, n〉
(|n〉 being the Fock state of the LC resonator), it corresponds to a second order coupling
between these two states with strength 2gΩpu
∆
.
To verify Heff and H
′
sys are consistent, with assuming that the initial state of sys-
tem is |g, 1〉, we define the population possibilities Pe0(t) = Tr[|e, 0〉〈e, 0|ρ(t)], Pg1(t) =
Tr[|g, 1〉〈g, 1|ρ(t)] and Pg0(t) = Tr[|g, 0〉〈g, 0|ρ(t)], where ρ(t) is the density matrix of the
system. We then proceed to numerically solve the master equations with Hi = H
′
sys and
Hi = Heff respectively for the whole system, which can be written as
dρˆ(t)
dt
= −i [Hi, ρˆ(t)] +D[σ−,Γf ]ρˆ(t) +D[b, γ]ρˆ(t), (11)
where D[A,Ω]ρˆ = Ω(AρˆA+− 1
2
A+Aρˆ− 1
2
ρˆA+A) are the decoherent terms of Lindblad form.
In Fig. 3 we display the numerical results for time evolution of population possibilities.
We find that evolutions determined by Heff and H
′
sys match well and a coherent transfer
between state |g, 1〉 and |e, 0〉 emerges. Thus EIT will occur in this composed system, and
the state |e, 0〉, |g, 1〉 and |g, 0〉 correspond to the three energy levels in of Λ scheme of atomic
EIT from highest to lowest [25] as shown in Fig. 4.
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Red line: Pg0(t)
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Black line: Pe0(t)
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FIG. 3: Comparison of the populations based on the numerical results of the master equation (11)
between Heff (dashed lines) and H
′
sys (solid lines). Here we set ∆ = ω = 1 GHz, g = 80MHz and
Ωpu = 50MHz. For (a), we consider no decay channels, ie, Γd = Γf = γ = 0. For (b), we set the
the decay strength Γd/2 = Γf = 30MHz and γ = 0.1MHz.
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In fact we can make some approximations and reduce the expression of χ1(ωpr) in Eq. (7)
to a more simple form by focusing on the regime δ around ω, which is similar to the resoled-
sideband limit of optomechanical induced transparency in Ref. [8]. Under the condition the
pump-exciton detuning ∆ is of much larger than pump strength Ωpu, we find that the flux
qubit tends to stay in its ground state with assuming that the system decay to a vacuum
reservoir, that is σ¯0z ≃ −1 (This also can be evidenced in Fig. 3(b): the steady state of
the system is |g, 0〉). Using another strength relation { ∆ ≃ ω} ≫ {Ωpu, g,Γf} ≫ γ and
neglecting higher oder terms in the regime of δ ≃ ω, χ1(ωpr) in equation (7) can be simplified
as following
χ1eff(ωpr) =
iΓd
Γf − i[δ − (∆ + 4g2ω +
2Ω2pu
∆
)] + Ω
2
c
γ
2
−i(δ−ω)
, (12)
where Ωc =
2gΩpu
∆
is the effective driving strength between dressed states |g, 1〉 and |e, 0〉,
which is the same with the coupling rate in Eq. (10). The effective linear susceptibility
χ1eff(ωpr) expressed in above equation have the same form with that of the atomic EIT
in Refs. [5, 26]. The corresponding energy level scheme is shown in Fig. 4. The energy
shift ∆s =
4g2
ω
+
2Ω2pu
∆
between the states |e, 0〉 and |g, 0〉 are induced by the LC resonator
(coupling terms g(b† + b)σz ≃ gX¯0σz ≃ 12(4g
2
ω
)σz) and the pump field (
2Ω2pu
∆
, the first term
demonstrated in Eq. (10)) collectively. Under the condition ωpu = υ − ω (∆ = ω), which
equals that the second order pump field drives at rate 2gΩpu
∆
with detuning ∆s (as shown in
Fig. 4(a)), we plot the image and real part of χ1(ωpr) and χ
1
eff(ωpr) in Figs. 5(a) and (b),
respectively. From the figure we can find χ1(ωpr) and χ
1
eff (ωpr) match well around δ ≃ ω
under the adopted approximations.
If we set the pump-exciton detuning ∆ = ω − ∆s (∆ ≃ ω is still valid since ∆s ≪ ω)
to compensate the energy shift ∆s, and making sure the driving is resonant as shown in
Fig. 4(b), Eq. (12) will reduce to a new simple form χ1eff(ωpr) =
iΓf
Γf−i(δ−ω)+Ω2c/[
γ
2
−i(δ−ω)]
,
which is the same with that of the atomic EIT occurs with a resonant driving field in Ref.
[26]. Figs. 5(c) and (d) show that χ1eff(ωpr) and χ
1(ωpr) match well and the transparency
window is symmetrical, which proves the validation of our approximations. All these results
indicate that the EIT in this composed system is similar to the atomic EIT. Moreover the
differences are: in this EIT system the second order transfer between the dressed states
serves as the pump field rather than a direct strong semiclassical field, and the energy shifts
caused by coupling with the LC resonator and driving field will affect the transparency
8
|e,0〉
| ,1〉g
| ,0〉g
|e,1〉
Ωpr
Ωcυ
Δs
ω
|e,0〉
| ,1〉g
| ,0〉g
|e,1〉
Ωpr
Ωcυ
Δs
ω
(a) (b)
FIG. 4: Energy level schemes of the dressed states of the composed system. (a) shows the coherent
driving between |e, 0〉 and |g, 0〉 at rate Ωc = 2gΩpu∆ with detuning ∆s = 4g
2
ω +
2Ω2pu
∆ (corresponding
to the case ∆ = ω), while (b) is associated to the case that ∆ = ω −∆s, that is, the driving is on
resonance.
window significantly.
According to the above discussions, it can be clearly found that our proposal provides an
efficient method to realize EIT of currents in microwave lines with superconducting devices.
The position of transparency window can be changed by modulating the applied flux Φx
though the SQUID loop conveniently, so our proposal can work as a tunable EIT device for
microwave field.
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FIG. 5: (a) and (b) ((c) and (d)) show the Imχ1(ωpr) (Reχ
1(ωpr)) as a function of δ under the
condition ∆ = ω (left panel) and ∆ = ω− ∆s (right panel). The red dashed lines are determined
by χ1eff (ωpr) while the black solid lines are determined by χ
1(ωpr).
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IV. CONCLUSION
In conclusion, we have proposed a composed EIT system in microwave regime using
a superconducting flux qubit coupling with a LC resonator. By obtaining the effective
Hamiltonian of the system, we found that EIT occurs as a second-order coupling effect among
the dressed states of the flux qubit and the LC resonator. We showed some similarities
and differences of the composed EIT comparing with the conventional atomic EIT, and
interpret this phenomenon to some extent. Because the manufacturing technology for the
superconducting devices is mature [27], it will provides us a convenient way to observe the
EIT phenomenon in an artificial system. Since the close relations between EIT and slow
light, our proposal may also work well as a slow light device integrated on chips.
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